We examined local changes of cerebral oxygenation in response to visual stimuli by means of near infrared spectroscopy. A sharply outlined colored moving stimulus which is expected to evoke a broad activation of the striate and prestriate cortex was presented to sixteen healthy subjects. Six of these subjects were also exposed to a colored stationary and a gray stationary stimulus. In two subjects the colored moving stimulus was tested against the colored stationary with an optode position presumably over area V5/MT. As a control condition, subjects performed a simple finger opposition task. Since the calcarine fissure varies greatly with respect to bony landmarks, optodes were positioned individually according to 3-D reconstructed magnetic resonance imaging (MRI). Concentration changes in oxyhemoglobin ([oxy-Hb]) and deoxyhemoglobin ([deoxy-Hb]) were continuously monitored with a temporal resolution of 1 s, using an NIRO 500 (Hamamatsu Photonics, KK, Japan). In response to the visual stimulus, the grand average across all sixteen subjects resulted in a significant increase in [oxy-Hb] of 0.33Ϯ0.09 arbitrary units (meanϮS.E.M.) mirrored by a significant decrease in [deoxy-Hb] of −0.18Ϯ0.02 arbitrary units, while the motor control condition elicited no significant changes in any parameters. When the near infrared spectroscopy probes were positioned over area V5/MT, the drop of [deoxy-Hb] associated with the moving stimulus was significantly more pronounced than with the stationary stimulus in both subjects examined. No significant differences between the visual stimuli were observed at the optode position close to the calcarine fissure. The oxygenation changes observed in this study are consistent with the pattern we have reported for motor activation. They are in line with physiological considerations and functional MRI studies relying on blood oxygenation level-dependent contrast.
INTRODUCTION
The visual system has been extensively studied in humans using imaging methods. Along with their use in elucidating the organization of the visual system, visual stimuli have frequently been employed to study physiological phenomena relating to neurovascular coupling [1] [2] [3] and to evaluate new imaging techniques. [4] [5] [6] A number of studies on the visual system have used near infrared spectroscopy (NIRS), which is now an established technique for noninvasive determination of changes in oxygenation and hemodynamics (for an overview, see Chance 7 ) in the human brain. These studies, however, have yielded conflicting results. Although all studies detected an increase in oxyhemoglobin ([oxy-Hb]) during visual stimulation, two studies 8, 9 reported an increase in deoxyhemoglobin ([deoxy-Hb]), while Meek et al. 10 recently found a decrease of [deoxy-Hb] in about half of the subjects and an increase in the remaining ones. Only one study reported an increase in [oxy-Hb], which was accompanied by a decrease in [deoxy-Hb] in all six subjects examined. 11 No statistical evaluation of these data is, however, presented in the latter study. A new and interesting approach was introduced by Gratton and co-workers, 12 who used a frequency domain spectrometer to measure signal changes elicited by visual stimulation with a high temporal resolution. The signals detected in this study are suggested to be directly related to neuronal activity.
The lack of a [deoxy-Hb] decrease in previous studies is a surprising result, since functional magnetic resonance imaging (fMRI) studies based on blood oxygenation level-dependent (BOLD) contrast, which is thought to reflect a decrease in [deoxy-Hb], 13, 14 were able to precisely localize distinct cerebral areas involved in processing visual information. In addition, a model of functional activation in NIRS using a motor paradigm, which was established in our group, revealed a significant decrease in [deoxy-Hb]. 15 We minimized localization problems by localizing the optical probes individually according to previously acquired 3-D-MRI, to evaluate whether a visual stimulus evokes a qualitatively different response pattern.
MATERIALS AND METHODS
The technique of NIRS relies on the application of a modified Lambert-Beer law to measured variations in attenuation in order to determine the corresponding changes in the concentration of tissue chromophores. The method has been explained in detail elsewhere. 16 Briefly, attenuation of light by tissue depends on scatter and absorption and in a highly scattering medium like brain tissue, optical attenuation can be expressed as follows:
Attenuationϭ␣cdBϩG, where ␣ is the specific extinction coefficient of the absorbing compound measured in molar
, c is the concentration of the absorbing compound measured in micromolar concentrations and d is the interoptode spacing measured in centimeters. B, the differential path length factor (DPF), 17 accounts for the increased optical path length due to scattering and the additive term G for scattering losses. Under the assumption that d, B, and G remain constant during the measurement period, concentration changes can be calculated:
If several chromophores with distinguishable absorption spectra are of interest, changes in concentration of a number of chromophores can simultaneously be computed from the changes in attenuation at a number of wavelengths using an algorithm incorporating the relevant extinction coefficients for each wavelength and chromophore. 18 The DPF for the adult head has been estimated by time-of-flight methods 19, 20 and in the frequency domain by phase-shift measurements. 21 Duncan and co-workers, 21 investigated one hundred subjects, and reported a value of 6.26 (S.D. 0.88) at 807 nm for the adult head without gender difference. Concentration changes in our paper are presented in arbitrary units, since we did not determine the DPF individually. The reported values correspond to absolute concentration changes from an arbitrary zero at the start of each measurement period in micromolar concentrations, assuming a DPF of 6.26 to facilitate the comparison with previous studies.
We used an NIRO 500 (Hamamatsu Photonics KK, Japan) to continuously measure concentration changes of [oxy-Hb] and [deoxy-Hb] through the intact skull in reflection mode. 22, 23 Light emitted from four pulsed laser diodes (wavelengths of 775, 825, 850, and 904 nm) was carried to an optode attached to the subject's head via an optical fiber. Light emerging from the tissue was returned to a photomultiplier tube via a second optode. Data were acquired with a temporal resolution of 1 s and changes in optical densities were converted to changes in chromophore concentration according to the algorithm implemented in the near infrared spectrometer. 24 Sixteen healthy, right-handed adults aged 19 to 46 years were examined; (nine women and seven men mean age 27 years). Each subject gave informed consent to participate in the study. The visual stimulus consisted of a multicolored dodecahedron moving at 6 cm s −1 which was displayed on a computer monitor placed 2 m from the subject at eye level. We thereby intended to evoke a broad activation not only of V1/V2, but also of secondary visual areas. Thirty seconds of stimulus were alternated with the presentation of a blank dark screen for 30 s. As a control condition, subjects performed 30 s of a simple sequential finger opposition task with the right dominant hand. Each of the sixteen subjects completed ten to twelve consecutive cycles. To test the hypothesis that hemodynamic changes vary with the quality of the visual stimulus, in six of the sixteen subjects two other visual stimuli were tested: (1) the multicolored dodecahedron, which remained stationary and (2) the same dodecahedron shaded in gray. The three visual stimuli were displayed in balanced order.
The calcarine sulcus varies strongly in relation to cranial landmarks. 25 Therefore, the optodes were horizontally positioned over the right occipital region at the level of the calcarine sulcus according to 3-D-reconstructed high-resolution MRI. The lightemitting optode was placed 1 cm to the right of the midline to avoid the sagittal sinus and the lightcollecting optode 3 to 4 cm laterally to the first. In two of the subjects the NIRS probes were also placed 4 cm laterally to this standard position to compare the moving colored stimulus with the colored stationary stimulus. All measurements were performed while subjects were lying in a dark, quiet room. After dark adaptation, the first stimulus was presented as soon as stable baselines for [oxy-Hb] and [deoxy-Hb] were reached.
Data were related to an arbitrary zero calculated from the 6 s prior to stimulation onset and averaged over all respective cycles. A time frame of 6 s representing the maximum increase of [oxy-Hb] (see bars in Figure 1 ) was defined according to the grand average, to evaluate the response in the single subjects.
RESULTS
The grand average of all subjects is shown in Figure  1 . Individual concentration changes are listed in Table 1 . Using the same time frame as described above, mean differences for all cycles were calculated within each subject. Fourteen of the sixteen subjects showed an increase in [oxy-Hb] and fifteen a decrease in [deoxy-Hb]. t-Statistics revealed significance in nine and thirteen cases respectively. Three male subjects (subjects 3, 11, and 12 in Table  1 ) did not show significant concentration changes at all.
To evaluate whether the response of the three parameters examined is dependent on the quality of the visual stimulus, one-factorial ANOVAs for repeated measures with a polynomial contrast (SPSS) were performed. Neither the average of the six subjects, to whom the three different stimuli were presented, nor the individual means were revealed to be significantly different. However, in the two subjects in whom the second optode location was tested, the [deoxy-Hb] decrease was significantly more pronounced in response to the moving colored stimulus (p=0.003 and 0.04).
DISCUSSION
In this study we were able to demonstrate an increase in [oxy-Hb] and a decrease in [deoxy-Hb] of about half the magnitude over the visual cortex during visual stimulation. This response pattern was not only seen in the grand average but also in thirteen of the sixteen single subjects. Three of the subjects did not show significant changes in response to the stimulus. Since an improper positioning of the optodes is unlikely, due to the MRIguided localization procedure, we think that signal losses by extracerebral tissue may account for this finding. In contrast to previous NIRS studies on the visual system, 8-10 a significant decrease in [deoxyHb] in all subjects showing a stimulus-evoked response was observed.
The primary visual cortex or V1 does not typically extend onto the external aspect of the hemispheres, being mostly confined to the medial surface. 27 Thus, the observed signal changes are likely to be derived from secondary visual areas such as V2, which lie in a horseshoe shape around V1. 27 A common feature shared by V1 and V2, which distinguishes them from other visual cortical areas, is that all submodalities of vision are represented in them. 28 Other more specialized visual areas, which presumably have contributed to the signal changes, are the V3 complex and V4. V4, VISUAL STIMULATION AND CEREBRAL OXYGENATION located in the lingual and fusiform gyri of the prestriate cortex, has been demonstrated to be a color center, 29 while V3 and V3A contain orientationselective cells.
28 V5/MT, a motion-selective area, lies probably too anterior to have contributed to the changes at the standard optode position and was therefore tested in two subjects with a different localization of the NIRS probes.
The assumption that the pattern described reflects cerebral oxygenation changes evoked by a visual stimulus is supported by physiological considerations and by a comparison with results obtained by other functional imaging techniques (for a review, see Villringer and Dirnagl 30 ). Fox and Raichle 2,31 reported regional uncoupling between cerebral blood flow and oxygen consumption during functional activation. Stimulus-induced focal augmentation of cerebral blood flow (50%) by far exceeded the concomitant local increase in cerebral metabolic oxygen rate of about 5%. The resulting focal ''hyperoxygenation'' corresponds to the increase in [oxy-Hb], accompanied by a decrease in [deoxy-Hb] as measured by NIRS.
In respect to the capillary bed, in vivo confocal laser-scanning microscopy 32 and laser-Doppler flowmetry 33 demonstrated increases in blood cell velocity and flux rate in response to hypercapnia and functional activation, respectively. This is consistent with a decrease in [deoxy-Hb], if the increase in blood cell velocity overcompensates for the increase in oxygen consumption. Finally, our finding of a decrease in [deoxy-Hb] is in line with functional MRI studies relying on BOLD contrast, since increases in signal intensities in gradient-echo MRI sensitive to susceptibility differences are ascribed to a decrease in deoxyhemoglobin.
14 BOLD contrast was exploited in numerous studies to precisely localize distinct cerebral areas involved in visual processing. 5, 6, [34] [35] [36] [37] For a motor stimulus, a study simultaneously applying NIRS and BOLD contrast fMRI demonstrated that [deoxy-Hb] changes as monitored by NIRS and signal intensity changes as measured by fMRI correlate well. 38 In this context, although it is not significant, the slight positive slope of [deoxy-Hb] after the maximum decreases despite sustained stimulation (see Figure 1 ) may be noteworthy since Frahm et al. 39 recently reported a decreasing signal in cerebral blood oxygenation-sensitive MRI during prolonged visual stimulation. Further experiments with a variation of stimulus length are necessary to clarify this issue. A model of functional activation using a motor paradigm revealed a pattern similar to that seen in this present study. 15 There are, however, differences concerning the time course of the respective parameters. Changes in [oxy-Hb] exhibited a biphasic time course with a fast initial increase and a pronounced poststimulus undershoot in the motor study, which was not observed in the present study. The attempt to interpret these differences is subject to speculation. These are differences between both paradigms in the length of stimulation and resting periods (30 s/30 s versus 10 s / 50 s in the motor study), the quality of the stimulus, and the cortical region investigated. There is some evidence that the duration of rest can significantly influence hemodynamic responses. 40 A visual stimulus is perceptive in nature, as opposed to an active motor task requiring a preparatory act. In addition, it should be borne in mind that different neuronal populations were investigated and it is still unclear whether neurovascular coupling is homogeneous within different cortical areas.
Our finding of a significant difference in the [deoxy-Hb] decrease elicited by a moving colored and colored stationary stimulus in the two subjects studies with the optodes presumably located over area V5/MT underlines the specificity and the cortical origin of the detected signal changes, since it has been demonstrated by positron emission tomography (PET) and fMRI that area V5/MT responds much better to moving than to stationary visual stimuli. 29, 41, 42 Nevertheless, the spatial resolution of the method is rather limited in the current approach and the exact estimation of the sample volume in NIRS is still an unsolved problem. Although one might have expected that prestriate areas contribute differently to the NIRS signal, depending on the quality of the visual stimulus, we failed to show differences between the three visual stimuli with the standard optode position.
To sum up, we demonstrated a consistent pattern of hemodynamic changes in the occipital cortex during visual stimulation. Differences in previous NIRS studies concerning [deoxy-Hb] changes may have been due to different optode positioning or the stimulus design. Bearing in mind the physiological associations, NIRS allows us to investigate oxygenation changes caused by functional activation in different cortical regions in humans. New approaches will overcome the current limitations and enable quantification by path length assessment on the basis of time or phase-resolved techniques 17, 43 or water absorption spectra measurements. 18, 44 The use of a multiwavelength NIR spectrometer 45 to measure the amplitude of a deoxy-Hb absorption peak in addition to the amplitude of water absorption features will permit an estimate of the absolute concentration of deoxy-Hb. 46 The limited spatial resolution of the method has been challenged by NIRS imaging as proposed by Benaron and Stevenson 47 and Shinohara et al. 48 
